The estimation of underwater features of channel bed surfaces without the use of bathymetric sensors results in very high levels of uncertainty. A revised approach enabling an automatic extraction of the wet areas to create more accurate and detailed Digital Terrain Models (DTMs) is here presented. LiDAR-derived elevations of dry surfaces, water depths of wetted areas derived from aerial photos and a predictive depth-colour relationship were adopted. This methodology was applied at two different reaches of a northeastern Italian gravel-bed river (Tagliamento) before and after two flood events occurred in November and December 2010. In-channel dGPS survey points were performed taking different depth levels and different colour scales of the river bed. More than 10,473 control points were acquired, 1107 in 2010 and 9366 in 2011 respectively. A regression model that calculates channel depths using the correct intensity of three colour bands (RGB) was implemented. LiDAR and water depth points were merged and interpolated into DTMs which features an average error, for the wet areas, of ±14 cm. The different number of calibration points obtained for 2010 and 2011 showed that the bathymetric error is also sensitive to the number of acquired calibration points. The morphological evolution calculated through a difference of DTMs shows a prevalence of deposition and erosion areas into the wet areas.
INTRODUCTION
The study of river morphology and dynamics is essential to understanding the factors (natural and anthropic) determining sediment erosion, transport and deposition processes [1] . To better analyze the magnitude of different morphological adjustments occurring in river channels, precise quantitative approaches are needed. Threedimensional and high-resolution representations of river bed morphology have recently been used for detailed hydraulic modeling [2] , for evaluating the impact of climate change [3] , and for flood risk management [4] . The definition of hazardous areas also includes the assessment of erosion and deposition areas along the river corridor [5] . Different methods proved to be able to provide high-resolution Digital Elevation Models (DEMs) of fluvial systems. Recent studies on morphological channel changes have used passive remote sensing techniques such as digital image processing [6] , digital photo grammetry [7] , active sensors including Laser Imaging Detection and Ranging (LiDAR) [8] , Terrestrial Laser Scanner [9] and acoustic methods [10] . The main problem related to the production of precise DEMs without using bathymetric sensors is due to the absorption of natural (solar) or artificial (LiDAR) electromagnetic radiation in the wetted channel. Only few tools have demonstrated to be able to provide an accurate and high-resolution measure of the bed surface elevation within wetted channels, also considering that survey precision decreases with the increase of the water depth. Bathymetric LiDAR sensors should be able to detect underwater bed surfaces. Nevertheless, they feature high costs, relatively low resolutions, and data quality comparable to photo grammetric techniques [11] .
The survey of wetted areas can be thus approached using techniques based on the calibration of a depthreflectance relationship of images, which can be in greyscale [12] , coloured [13, 14] or multispectral [15] . All the solutions need a field survey, contemporary to the flight, to allow the availability of calibration depth points.
The present work proposes the implementation, on the Tagliamento River, of an optimized version of the [14] methodology. This approach consists of a calibration of a depth-colour model to estimate channel water depths. After a filtering process, based on the identification of erroneous depth values due mostly to reflection and sediments exposed, the bathymetric points for the wet areas and the LiDAR points for the dry areas will be merged to produce the final Hybrid Digital Terrain Models (HDTMs).
The specific objectives can be summarized as follows: 1) optimizing wet area extraction with a revised automatic methodology; 2) apply the [14] approach in a more complex braided river system; 3) evaluate limits and potentials of this procedure with attention to the factors influencing in a significant way the quality of final results.
STUDY AREA

Tagliamento River
The study was performed in the Tagliamento River, one of the last European rivers still maintaining a high degree of naturalness and representing an important biogeographical corridor with a strong longitudinal, lateral and vertical connectivity, high habitat heterogeneity, a characteristic sequence of geomorphic types and very high biodiversity [16] .
The Tagliamento River is a gravel-bed river located in the Southern Alps in North-Eastern Italy (Friuli Venezia Giulia region). It originates at 1195 m a.s.l. and flows for 178 km to the north Adriatic Sea, thereby forming a link corridor between the Alps and the Mediterranean zones. Its drainage basin covers 2871 km 2 ( Figure 1) . The catchment is limited by the Carnic Alps (North); by Piave, Livenza and Meduna basins to the West; and by Isonzo and Torre basins to the East. The river has a straight course in the upper part, while the most of its path is braided shifting to meandering in the lower part, where dykes have constrained the last 30 km (it features the characteristics of an artificial channel with a width of about 175 m). However, the upper reaches are more or less intact, thus the basic river processes, such as flooding, and sediment transport, take place under near-natural conditions.
The hydraulic regime of the Tagliamento River is characterized by an irregular discharge and a high sedimentation load; due to the climatic and geological condi- tions of the upper part (annual precipitation can reach 3100 mm). The catchment is mainly mountainous and the slopes are very steep, leading to high peak flows and sediment loads in the central and lower part of the basin. The climatic characteristics of the catchment area result in a bi-modal pluvial flow regime. As all braided river channels, also the Tagliamento is characterized by a mar-ked instability due to easily erodable banks, high sediment transport rates and considerable width of the valley [9] . This in turn leads to a frequent remodelling of the morphological elements. The large size of the floodplain and the rapid morphological variation are the main reasons accounting for the absence of a good stage-discharge relationship. In the present study, we refer to the water stage level recorded at the Venzone gauging Station (Figure 2 ).
Analyzed Sub-Reaches
The LiDAR survey and analysis were performed in two sub-reaches located near to the village of Forgaria nel Friuli, in Friuli, Venezia Giulia Region.
The upstream sub-reach (Figure 1) , called "Cornino", shows a predominant braided morphology, channels are separated by vegetated islands and gravel bars. The length is about 3 km and the active channel width ranges from a maximum of 1 km to a minimum of 700 m with a slope of around 0.35%. This sub-reach is characterized by a heterogeneous sediment size composition ranging from medium-fine sand to coarse gravel.
The lower, called Flagogna sub-reach has a predominant wandering morphology with central bars and dead channels. As shown in the Figure 1 , the main channel flows almost exclusively through the left bank and, as in Cornino sub-reach, there is a large number of longitudinal and lateral bars and river islands mostly located in the right side. The length is about 3.5 km and the active channel width is between 300 and 800 m, with a slope of around 0.30%.
MATERIALS AND METHODS
The methodological approach of this paper has the principal aim of producing Digital Terrain Models (DTMs) derived from LiDAR data, acquired contemporary to aerial photos and a dGPS survey, with the highest accuracy possible also in the wet areas. To create these elevation models we have used the same colour bathymetry method used by [14] but with an optimization concerning the wet area digitalization process. The procedure to estimate the water depth provides a statistical regression between water depth (Dph) and red, green and blue intensity values (R, G and B). The details of this optimization and the principal steps of the colour bathymetry process are reported in the sub-headings below.
Data Acquisition
Two LiDAR surveys were carried out: the first in August 2010 by Blom GCR Spa through an OPTECH ALTM Gemini sensor and the second in April 2011 by OGS Company through a RIEGL LMS-Q560 sensor (flying height ~850 m) after the significant floods Registered on November and December 2010 (Figure 2 ). For each LiDAR survey a point density able to generate digital terrain models with 0.5 m of resolution (at least 2 ground points per square meter) was required. The average vertical error of the LiDAR has been evaluated trough dGPS points on the final elevation model. LiDAR data were taken together with a series of RGB aerial photos with 0.15 m pixel resolution. The survey was carried out with the best weather conditions and low hydraulic channel levels. In-channel dGPS points acquisition was performed, taking different depth levels in a wide range of morphological units. Overall, 1107 points in 2010 and 9366 points in 2011 were acquired. Finally, for each subreach, control points were surveyed through dGPS (dGPS average vertical error ±0.025 m). Important is to note that the dGPS capture have been performed contemporary with the LiDAR acquisition to avoid additional stochastic components.
Automatic Wet Area Extraction
A revised approach proposed by [17] , regarding the determination of the wet areas through a combination of a canopy surface model (CSM; difference between digital surface model and digital terrain model) and the intensity of the LiDAR signal (Figure 3) , was carried out. To estimate wet areas we have used a combination of LiDAR intensity, CSM and a detrended DTM (without slope). The purpose of each component was: 1) to divide the zone with very low intensity (as water and vegetation) from the zone with high intensity (as gravel) as shown in Figure 3 ; 2) to divide vegetation from the water; 3) to divide artificial pool-lakes and channels (with different "altitude elevation level") from the river channels. Wet are as were defined with a LiDAR intensity lower than 55 (as in [17] ) and a CSM elevation lower than 0.5 m. The "natural wet area" from artificial pool-lakes or channels on the detrended DTM was extracted with a "threshold elevation" in function of the study area. This as- sumption was made because the fluvial channels of the Tagliamen to River are always below artificial (poollakes) wet areas.
Elaborations have been performed in ArcGIS 10 ® using a developed macro-utility, starting from LiDAR intensity, CSM and detrended DTM rasters. The results can be viewed as an output representing, with a shape file, the wet area. This approach, applied to a large river with braided morphology such as the Tagliamento, significantly decreases the time employed for extracting the wet areas of the active natural channel. In addition, the resulting shape file can be easily modified, in the case of anomalous intensity values that produce uncertainty detection of the real wet areas (see arrow in the Figure 3) .
Indirect Estimates of the Water Level and Dataset Preparing
Along the edges of the "wet area" shape polygon, reliable LiDAR points able to represent the water surface elevation (Zwl) in our inference zone were selected. The correspondent intensity of the colour bands and Zwl were added to the points acquired in the wetted areas (dGPS wet-area survey) obtaining a shape file of points containing five fields (in addition to the spatial coordinates X and Y): the intensity of the three colour bands, Red (R), Green (G), Blue (B), the elevation of the channel bed (Zwet) and Zwl. Finally, the channel depth was calculated as Dph = Zwl -Zwet.
Bathymetric Model Determination
As in [14] , an empirical depth linear model testing all the colour bands, the possible interaction of variables and the square and cubic terms was tested:
where α and β x are the calibration coefficients in the depth-colour regression. In this model, the significance of each component was tested, deleting the statistically negative values. The statistical regressions have been performed in R ® environment using the 80% of the calibration points and two methods: the traditional regression method based on the statistical significance, tested on each variable (p-value < 0.05), and the AICc index [18] . The model featuring the lowest error (tested with the 20% of the dGPS points not used to calibrate the model) was used to build the "Raw channel Depth raster" (RDph).
Hybrid DTM Creation and Validation
The best bathymetric model was applied to the georeferenced photos (raster calculator) to determine the RDph. The RDph was then transformed into points (density of around 2 points/m 2 ) and was filtered in order to delete incorrect or suspicious points, mainly due to sunlight reflections, turbulence, and elements (wood or sediment) above the water surface.
The methodology proposed in [14] to filter possible incorrect points providing a detection of slope changes in neighbouring pixels, was applied. Indeed, in occasion of very strong slope changes between neighboring pixels, a potential error of depth estimation is present. The corresponding Zwl was added to the corrected points (Dph model) to obtain, for each point, the estimated elevation of the river bed (Zwet = Dph + Zwl). Hybrid DTMs (HDTM) were built up with the natural neighbor interpolator, integrating Zdry points (by LiDAR) in the dry areas and Zwet points (by colour bathymetry) in the wet areas.
The final step was the validation of the HDTM models which was carried out by comparison with dGPS surveys (1107 points in 2010 and 9366 points in 2011). The accuracy of the hybrid DTMs was estimated for wet ar-eas considering colour bathymetry errors at different water stage levels grouped in classes incremented of 20 cm (see Table 1 ).
RESULTS
Wet Area Extraction
The revised method to automatically extract wet areas has demonstrated a very good performance as reported in Figure 4(a) . The strong difference in LiDAR intensity between water and gravel has allowed to achieve a good edge definition. The associated rasters (CSM, and detrended DTM) have allowed to delete the dry are as featuring a similar intensity. Therefore the resulting shape files can be used to divide the wet from the dry areas.
Colour Bathymetry Models
The statistical regressions performed with the two dif- 
where Dph is the estimated water depth and R, G and B the red, green and blue intensity bands, respectively. This model, if compared with the final HDTM, estimates the wet area with ±0.13 m of weighted error (with the area of influence of each band on the water depth) and a standard deviation error of ±0.10 m ( Table 1) . Similar results are featured for 2011, but in this case the AICc method has demonstrated the best results: 
All the terms in these models are statistically significant; a small scale (Figure 4(b) ) and two large scales (Figures 5 and 6 ) examples regarding the results of the model application are shown.
From a general point of view the model seems to be able to produce a good water depth estimation if compared to the aerial photos, as in Figure 4(a) .
This model, compared with the final HDTM, estimates the wet area with ±0.15 m of weighted error (with the area of influence of each band on the water depth) and a standard deviation of ±0.11 m ( Table 1 ).
DISCUSSION
The different water depth errors estimated from Li-DAR and from the proposed colour bathymetric approach have been compared to the 2010 and 2011 surveys and reported on Table 1 .
The results confirm that the LiDAR signal features an average error greater than ±0.20 m already after ~0.20 m of water depth and greater than ±0.50 m after ~0.60 m of depth. These underestimations are mainly due to the signal adsorption and, in some cases (where the channel is not perpendicular to the laser beams); to the low angle of incidence that causes an underestimate of the channel depth and an overestimate of the bank full width [19] .
In the case of braided morphologies, such as in the Tagliamento River, if the wet areas are excluded in the estimation of erosion and deposition volumes, results far from the real change can be obtained.
On the other hand, the applied colour bathymetry is able to produce depth estimates with an average error lower than ±0. More the depth increases, greater is the light adsorbed as described by [20] , raising the variability of R, G and B colour bands. This greater variability decreases the quality of the results of the colour models. Despite this decrease in quality, an adequate number of calibration points allow to reach an acceptable error (similar to the LiDAR) for more than 95% of the wet area (in our case). The 64 calibration points included in a depth around 0.80 -1.00 m, seem to be not enough to produce an error lower than ±0.20 m (see Table 1 , 2010 survey error values). The 341 dGPS control points seem to be also not enough, in the case of the 2011 survey, for estimating depth higher than 1.40 m. Therefore, a preliminary analysis to know both, the range of depths and the percentage of wet surface covered in the study reach is required. In this way, we can decide, thanks also to the help of the Table 1 , the minimum number of dGPS points allowing an acceptable error for the major part of the wet area.
Other important rules to produce a reliable colour bathymetry are: 1) commissioning LiDAR and aerial photo surveys with the lowest water depth and suspended sediment load; 2) flight time around midday, to avoid shadows which can introduce more errors on the colour models; 3) perfect photo-georeferenziaton; 4) good water level estimation. The difference of DEM (DoD), of Cornino and Flagogna sub-reaches, derived from the 2011 and 2010 HDTM obtained by merging LiDAR data for the dry areas and colour bathymetry data for the wet areas, are shown in Figures 7 and 8 .
These changes are due to the flood events of November-December 2010 (Figure 2) . The most part of the variations have occurred in the wet areas; similar results have been highlighted in [14] . Thanks to the colour bathymetry we can reach a "reliable" bedform representation in all the study area.
Following the [14] methodology and the optimization of the wet area extraction (automatic extraction) reported in this paper we have created the basis for more meaningful quantifications of erosion and deposition volumes, sediment budgets and further applications of 2D or 3D modelling, useful for management purposes.
CONCLUSIONS
The proposed methodology allows the production of high-resolution DTMs of wetted areas with an associated uncertainty which is comparable to LiDAR data. that the error of the colour bathymetry is significantly related also to the number of calibration points acquired. Indeed, the applied colour bathymetry is able to produce depth estimates with an average error lower than ±0.20 m until ~0.80 m for the 2010, but until ~1.40 m for the 2011.
A preliminary analysis to know both, the range of depths and the percentage of the wet surface covered in the study reach is required to decide the minimum number of dGPS points that allows an acceptable error on the wet area.
The raster of difference (DoD) highlights the consequences of the flood events of November-December 2010, indicating that deposition and erosion areas are more concentrated into the wet areas. In the analysis of braided morphologies, such as in the case of the Tagliamento River, the calculation of uncorrected estimations of change in those areas can lead to volumetric results far from the real values.
The results of this study can be a valuable support to generate precise elevation models, also for the wet areas, that can be useful to evaluate erosion-deposition patterns, to improve sediment budget calculation, numerical modeling and to develop more effective river management strategies. The previous explained automatic extraction of the flowing channel will be important in the decrease of the time consumed for the data elaborations.
